pVHL, the product of the VHL tumor suppressor gene, plays an important role in the regulation of cell growth and differentiation of human kidney cells, and inactivation of the VHL gene is the most frequent genetic event in human kidney cancer. The biochemical function of pVHL is unknown. Here we report that pVHL exists in vivo in a complex that displays ubiquitination-promoting activity in conjunction with the universally required components E1, E2, and ubiquitin. pVHL-associated ubiquitination activity requires, at a minimum, pVHL to bind elongin C and Cul-2, relatives of core components of SCF (Skp1-Cdc53/Cul-1-F-box protein) E3 ligase complexes. Notably, certain tumor-derived mutants of pVHL demonstrate loss of associated ubiquitination promoting activity. These results identify pVHL as a component of a potential SCF-like E3 ubiquitin-protein ligase complex and suggest a direct link between pVHL tumor suppressor and the process of ubiquitination.
von Hippel-Lindau (VHL) disease is a hereditary cancer syndrome leading to the development of a variety of tumors, including clear cell carcinomas of the kidney and pheochromocytomas and vascular tumors of the central nervous system and retina (Maher and Kaelin 1997; Kaelin and Maher 1998) . The VHL susceptibility gene is a tumor-suppressor gene, and germ-line mutations affecting this gene have been documented in ∼80% of VHL patients (Latif et al. 1993) . Functional inactivation of both VHL alleles also occurs in the majority of sporadic clear cell renal carcinomas (Gnarra et al. 1994 ). Therefore, inactivation of the VHL tumor-suppressor gene appears to be a requisite step in the development of clear cell renal carcinoma.
The VHL gene, which contains three exons, encodes a 213-amino-acid polypeptide (Latif et al. 1993; Iliopoulos et al. 1995) . The biochemical function of pVHL is as yet unknown. pVHL resides mostly in the cytoplasm and, to a lesser extent, in the nucleus and in association with cell membranes (Duan et al. 1995a; Iliopoulos et al. 1995; Pause et al. 1997; Ohh et al. 1998; Lee et al. 1999 ). In addition, many cells also produce a shorter variant of pVHL protein, pVHL 19 , which appears to arise as a result of alternative translation initiation Schoenfeld et al. 1998) . Cell fractionation studies suggest that pVHL 19 , unlike pVHL, is equally distributed between the nucleus and cytoplasm and is not found in association with membranes ). Recent evidence suggests that pVHL shuttles between the nuclear and the cytoplasmic compartments in a transcription-dependent manner (Lee et al. 1999) .
pVHL displays no similarity to other known proteins, thus giving no clues about its function. Hence, most studies aimed at elucidating pVHL function have focused on the identification and functional analysis of interacting proteins. pVHL associates with a number of cellular proteins including Fibronectin , Elongin B and Elongin C (Duan et al. 1995b; Kibel et al. 1995; Takagi et al. 1997) , Cullin-2 (Cul-2) Lonergan et al. 1998 ) and Rbx1 . The interaction of pVHL with Fibronectin is thought to be required for the proper assembly of an extracellular fibronectin matrix and is abolished by all disease-causing mutations analyzed to date, suggesting that the binding of pVHL to fibronectin is likely to contribute to the ability of pVHL to suppress tumor growth . Similarly, the ability of pVHL to form a stable complex with Elongin B, Elongin C, and Cul-2 has been linked to pVHL's capacity to regulate the stability of hypoxia-inducible mRNAs , including mRNAs that encode angiogenic proteins [e.g., vascular endothelial growth factor (VEGF)] (Gnarra et al. 1996; Iliopoulos et al. 1996; Siemeister et al. 1996) , mitogenic factors [e.g., platelet-derived growth factor-B (PDGF-B) and transforming growth factor-␣ (TGF-␣)] (Iliopoulos et al. 1996; Knebelmann et al. 1998) , and proteins involved in cell metabolism (e.g., Glut-1 glucose transporter) (Iliopoulos et al. 1996) .
The pVHL sequence includes a carboxy-terminal BCbox motif Kamura et al. 1998 ) and GEExE repeats in its amino terminus (Latif et al. 1993) . The BC-box motif within pVHL, a short ∼12-amino-acid-long degenerate sequence, is a region frequently mutated in pVHL, suggesting there resides a critical domain for pVHL tumor-suppressor function (Stebbins et al. 1999) . The BC-box motif is also present in a number of other cellular proteins including the F-box protein elongin A (Aso et al. 1996) and members of the SOCS (suppressors of cytokine signaling) family . As in the case of Elongin A and SOCS-1, the BC-box motif in pVHL serves as an interaction site for the elongin BC complex. Interestingly, the BC box of SOCS-family members is embedded within the SOCS-box motif .
The identification of Cul-2 and Rbx1 as pVHL-associated proteins prompted speculations about a possible role for pVHL in the process of ubiquitination Lonergan et al. 1998; Kamura et al. 1999) . Cul-2 is a member of a recently identified evolutionary-conserved gene family referred to as the Cullins (Kipreos et al. 1996) . In higher eukaryotes, six members of the Cullin family have been identified, namely Cul-1, -2, -3, -4A, -4B, and -5. Little is known about their respective gene products and function(s). The best-characterized member of this family is Cul-1, a structural and functional homolog of budding yeast Cdc53, which has a key role in regulated ubiquitin-mediated proteolysis (Patton et al. 1998; Koepp et al. 1999 ). Cdc53/Cul-1 assembles with Skp1 and distinct F-box proteins into E3 ubiquitin-protein ligase complexes, referred to as SCF (for Skp1/ Cdc53(Cul-1)/F-box protein) complexes (Bai et al. 1996; Feldman et al. 1997; Skowyra et al. 1997) . In this type of E3 ligase, the F-box protein is believed to function as the substrate-specific receptor (Krek 1998; Patton et al. 1998; Koepp et al. 1999) . A recently identified evolutionary conserved protein, Rbx1/Roc1, the fourth subunit of SCF complexes, associates with Cdc53/Cul-1 and is critical for efficient recruitment of an E2 enzyme to Cdc53/ Cul-1 and, hence, essential for SCF function Ohta et al. 1999; Skowyra et al. 1999; Tan et al. 1999) . Interestingly, the SCF subunit Rbx1/Roc1 has also been identified as a pVHL-associated protein ). In addition, the primary sequence of Elongin C, which bridges the interaction of pVHL and Cul-2, displays homology to Skp1 (Bai et al. 1996; Stebbins et al. 1999) . Elongin B interacts with Elongin C in the pVHL complex and harbors a ubiquitin-like domain (Garrett et al. 1995; Stebbins et al. 1999) . Taken together, these findings suggest similarities in the overall architecture of the pVHL complex to SCF E3 ligases.
Biochemical evidence supporting a role for pVHL in the process of ubiquitination is at present lacking. Here we show that recombinant pVHL recruits ubiquitination-promoting activity from human cell extracts. The appearance of this activity can be specifically blocked by peptides that block pVHL/Elongin BC/Cul-2 association. We also show that antibodies specific for pVHL immunoprecipitate pVHL-associated ubiquitinationpromoting activity from unperturbed VHL +/+ cells. Likewise, anti-hemagglutinin (HA) immunoprecipitates derived from VHL −/− renal cell carcinoma (RCC) cell lines that stably express a HA-tagged version of wild-type pVHL exhibit ubiquitination activity. In contrast, selected, naturally occurring mutants of pVHL lack this activity. Finally, sequences surrounding and including the BC box in pVHL share sequence homology with an F-box motif. Our data imply that the pVHL may function, at least in part, as a component of an E3 ubiquitinprotein ligase complex.
Results

Recombinant pVHL recruits ubiquitination activity from human cell extracts
To test whether pVHL is a component of a potential E3 ligase activity, we used an assay that has been described previously on the occasion of the detection of p45 Skp2 F-box protein (Marti et al. 1999) or Cul-1-associated ubiquitination-promoting activity (Lyapina et al. 1998 ). Specifically, glutathione-Sepharose beads were loaded with similar quantities of bacterially produced GSTpVHL or GST as control, and aliquots of each were either left untreated or were preincubated in lysates of HeLa cells as described in Materials and Methods. The latter step was included to allow the binding of cellular components, regulators, and substrates that might be required to detect pVHL-associated ubiquitination activity. After washing away unbound proteins, beads were supplemented with purified E1, purified human E2 enzyme Cdc34, ubiquitin, and an ATP-regenerating system. After an incubation period of 90 min at 30°C, the reaction mixture was separated by SDS-PAGE and analyzed by anti-ubiquitin immunoblotting to detect ubiquitin conjugates (Fig. 1A ). GST-pVHL purified from bacterial lysates exhibited no ubiquitination activity (Fig.  1A, lane 7) . In contrast, anti-ubiquitin antibodies detected a high molecular weight smear characteristic of ubiquitin conjugates when GST-pVHL was incubated in HeLa lysates prior to performing the assay (Fig. 1A, lane  8) . The appearance of high-molecular weight migrating proteins was dependent on the addition of ubiquitin (Fig.  1A , cf. lanes 6 and 8), indicating that the high molecular weight smear was the result of multiubiquitination occurring during the in vitro reaction. As shown previously (Marti et al. 1999) , Skp2 isolated from insect cells displays associated ubiquitination activity under these experimental conditions (Fig. 1A, lane 9) . No ubiquitination activity was detected when GST protein alone was preincubated in HeLa lysates (Fig. 1A, lane 4) . Anti-GST immunoblotting confirmed that similar amounts of the indicated GST species were present in each assay (Fig. 1A, bottom) . Similarly, GST-pVHL, but not GST protein alone, recruited ubiquitination-promoting activity from 786-O RCC cell lysates lacking wild-type VHL protein (Fig. 1A, lanes 11 and 10, respectively) .
To test further whether multiubiquitination of proteins that occurs during the in vitro reaction was depen-dent on the presence of an E1 enzyme and the human E2 enzyme Cdc34 in the reaction mixture, both enzymes were individually excluded from the reaction mixture containing GST-pVHL preincubated in HeLa lysate. As shown in Figure 1B , GST-pVHL-associated ubiquitination activity is strictly dependent on the presence of ubiquitin (lane 5), E1 (lane 6), and E2 Cdc34 (lane 7). These results suggest that human cell lysate-activated GST-pVHL displays ubiquitination-promoting activity in conjunction with the universally required components E1, E2, and ubiquitin. Finally, immunoblotting of these ubiquitination reaction mixtures with affinity-purified anti-Cdc34 antibodies that were raised against recombinant full-length human GST-Cdc34 fusion protein did not reveal any high molecular weight species that would be consistent with ubiquitinated Cdc34. Thus, it also appears that Cdc34 is not the major protein species ubiquitinated under these experimental conditions (data not shown).
Ectopically produced pVHL associates with ubiquitination activity in renal cell carcinoma cells 786-O and A498 RCC cells lack wild-type VHL protein.
To assess whether immunopurified pVHL displays ubiquitination activity, stable cell lines ectopically producing HA-pVHL(wt) were generated. As a control, 786-O and A498 cells were stably transfected with a backbone expression plasmid (Vector). These cells were lysed and pVHL immunoprecipitated with a monoclonal anti-HA antibody. When anti-HA immunoprecipitates were tested for ubiquitination activity, only the HA-pVHLproducing 786-O cells displayed strong ubiquitination activity ( Fig. 2A, lane 8) . Ubiquitination-promoting activity associated with anti-HA immunoprecipitates was not detected when HA antibody was first preincubated with HA peptide (data not shown). Likewise, no such activity was seen when ubiquitin, E1, or E2 Cdc34 was omitted from the reaction mixture ( Fig. 2A , lanes 5, 6, and 7, respectively). Identical results were obtained with different 786-O cell clones (data not shown). Western blotting of anti-HA immunoprecipitates showed that comparable quantities of HA-pVHL were present in this experiment ( Fig. 2A , bottom, lanes 5-8). As shown in Figure 2B , anti-HA immunoprecipitates derived from HA-pVHL-producing A498 cells also possessed ubiquitination activity (cf. lanes 2 and 4). These results show that a potent ubiquitination activity also immunopurifies with ectopically produced pVHL from different RCC cells.
Immunoprecipitates of endogenous pVHL display ubiquitination activity
In an effort to extend the above finding, polyclonal rabbit antisera were raised against GST-pVHL, affinity purified, and tested for their ability to immunoprecipitate endogenous pVHL-associated ubiquitination activity. The specificity of the anti-pVHL antibody is illustrated in Figure 3A . Affinity-purified anti-pVHL antibodies recognized a protein of the expected molecular weight on 11), Skp2 (lane 9) was bound to glutathione-Sepharose beads and either directly exposed to the ubiquitination reaction as described in Materials and Methods in the absence (lanes 1,2,5,6) or presence (lanes 3,4,7,8,9 ) of ubiquitin (Ub) or were first incubated overnight in HeLa cell lysates as indicated by the plus and minus signs at top or in 786-O cell lysates (lanes 10,11). Reaction mixtures were analyzed on 10% SDS-gels and processed for Western blotting with anti-ubiquitin antibody (Ubi-1) (top) or reprobing with anti-GST antibody (bottom). (B) GST (lanes 1-4) or GST-pVHL (lanes 5-8) was bound to glutathione-Sepharose beads, incubated in HeLa lysates and exposed to the ubiquitination assay conditions as described in A in the absence or presence of either Ub, E1, or Cdc34 as indicated at top. Samples were analyzed on 10% SDS-gels and processed for Western blotting with anti-ubiquitin antibody (Ubi-1). Square bracket at left indicates the gel stack. Square bracket at right indicates the ladder of multi-ubiquitinated proteins. Ubiquitination assays performed on anti-pVHL immunoprecipitates recovered from 293 cell lysates revealed ,7) , 786-O (lanes 8,9) , and A498 (lanes 10,11) cells and subjected to immunoprecipitations with 5 µg of either affinity-purified rabbit IgG (lanes 1, 6, 8, 10) or affinity-purified anti-pVHL antibody (lanes 2-5,7,9,11) and processed as described in the legend to Fig. 2A . Samples were analyzed on 10% SDS gels and processed for Western blotting with anti-ubiquitin antibody (Ubi-1) or anti-pVHL antibody. 4) were lysed and immunoprecipitated with anti-HA antibody. Immunoprecipitates were processed for ubiquitination assay reactions as described in Material and Methods, omitting Ub (lanes 1,5), E1 (lanes 2,6), or Cdc34 (lanes 3,7) from reaction mixtures. Samples were analyzed on 10% SDS gels and processed for Western blotting with anti-ubiquitin antibody (Ubi-1) (top) or anti-HA antibody (bottom). (B) VHL −/− 786-O and A498 cell lines stably transfected with a plasmid encoding HA-tagged pVHL (lanes 2,4) or with the backbone expression plasmid (lanes 1,3) were lysed, immunoprecipitated with anti-HA antibody and immunoprecipitates were processed for ubiquitination assay reactions and Western blot analysis as described above with anti-ubiquitin antibody (Ubi-1) (top) or anti-HA antibody (bottom).
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Cold Spring Harbor Laboratory Press on October 26, 2017 -Published by genesdev.cshlp.org Downloaded from potent ubiquitination activity (Fig. 3B , lane 5, top) that was dependent on the presence of ubiquitin (lane 2), E1 (lane 3), or E2 Cdc34 (lane 4) in the reaction mixture. No ubiquitination activity was detected in control immunoprecipitates (lane 1). Likewise, anti-pVHL immunoprecipitates recovered ubiquitination activity from cell lysates of wild-type pVHL-expressing U2-OS cells (Fig. 3B , lane 7) but not from cell lysates of two pVHL-negative cell lines (lanes 9,11). In addition, immunoblotting of ubiquitination reactions with anti-pVHL antibodies did not reveal the existence of ubiquitinated pVHL. Similar results were obtained when anti-HA or anti-GST antibodies were used to detect possible HA-or GST-pVHLassociated ubiquitin conjugates (data not shown). Collectively, these results suggest that endogenous pVHL is also part of a complex that possesses ubiquitination activity in conjunction with Cdc34. This implies that pVHL is a component of, or is associated with, a complex that possesses E3 ubiquitin-protein ligase activity toward other as-yet-unidentified substrates.
BC-box motif peptides block the ability of pVHL to recruit ubiquitination activity
A synthetic peptide comprising the BC-box motif of pVHL can efficiently block the interaction of GST-pVHL with Elongin BC and Cul-2, whereas an identical peptide carrying a single point mutation is inactive in this regard . Hence, glutathione-Sepharose beads preloaded with GST-pVHL were incubated with HeLa lysates containing either wild-type or mutant BC-box peptide and tested for associated ubiquitination activity. As shown in Figure 4A (top), GST-pVHL recruited ubiquitination activity (lane 2). The ability of pVHL to recruit ubiquitination activity from cell lysates was efficiently blocked by wild-type BC-box peptide (lane 3) but not mutant peptide (lane 4). In keeping with the known ability of a BC-box peptide to inhibit pVHL-Elongin BC association, and consequently block the recruitment of Cul-2 into the complex, anti-Cul-2 and anti-Elongin C immunoblotting revealed that endogenous Cul-2 as well as Elongin C copurified efficiently with GST-pVHL in the presence of mutant BC peptide (middle, lane 4) but not wild-type BC peptide (middle, lane 3). The specificity of this approach is further demonstrated by the inability of a synthetic peptide encompassing the 16 most carboxy-terminal amino acid residues of pVHL to block recruitment of ubiquitination activity (top, lane 5) as well as Cul-2 and elongin C copurification (middle, lane 5). These results establish a correlation between pVHL's ability to display ubiquitination activity and to bind Elongin C-Cul-2.
The F-box motif is a critical structural element of a class of cellular proteins that function as substrate-specific receptors of SCF E3 ligase complexes (Bai et al. 1996) . Given the above-noted results and the observation that Elongin BC complexes bridge Cul-2 to pVHL in a manner analogous to the SCF E3 ubiquitin-protein ligase configuration, we asked whether sequences surrounding the BC-box motif bear any structural similarity to an F-box motif. Previous computer-assisted similarity searches of databases for the F-box motif with generalized profiles revealed a large number of proteins containing the F-box motif, including Elongin A that is known to associate with Elongin BC (Bai et al. 1996) . These database searches on the other hand, did not uncover an F-box motif within pVHL. However, a careful inspection of the primary sequence of pVHL by eye revealed a segment within pVHL comprising residues 153-198 (which includes the BC-box identified previously) that displays similarity to the F-box motif present in a number of known F-box proteins from different organisms (Fig. 4B) . Hence, pVHL may be a distant representative of the Fbox protein family. Consistent with the findings described above, anti-HA immunoprecipitates from 786-O cells producing a mutant of HA-pVHL, in which amino acid residues 153-198 (see Fig. 4B ) were deleted, possessed no detectable ubiquitination activity (Fig. 4C , top, lane 3) and failed to coimmunoprecipitate Cul-2 (Fig. 4C, middle, lane 3) . Anti-HA immunoprecipitates derived from 786-O cells producing wild-type HA-pVHL were active in this regard (Fig. 4C , top and middle, lane 2). Anti-HA immunoblotting confirmed that the cell lines under investigation express similar amounts of the relevant HA-pVHL species (Fig. 4C, bottom, lanes 2,3) . These results suggest that the specific segment of pVHL that comprises the BC box and that shares similarity to the F-box motif is critically required for the manifestation of pVHL-associated ubiquitination activity.
Coimmunoprecipitation of ubiquitination activity is abrogated by certain naturally occurring loss-of-function mutations of pVHL
Given that pVHL is a component of a complex that exhibits ubiquitination activity, we asked whether selected naturally occurring mutants have lost this capacity. To this end, mammalian expression plasmids encoding HA-tagged versions of the following pVHL mutants were generated: a naturally occurring truncation mutant of pVHL lacking the carboxy-terminal 56 amino acids, which fails to bind Elongin BC-Cul-2 and Fibronectin [HA-pVHL (1-157)]; the most frequently occurring point mutation, which dramatically reduces pVHL-Elongin BC-Cul-2 complex formation and pVHL/fibronection binding [HA-pVHL(R167W)]; a carboxy-terminal deletion mutant, which retains Elongin BC-Cul-2 binding but lacks the ability to interact with Fibronectin ]; and an amino-terminal deletion mutant, which also interacts with Elongin BC-Cul-2 but fails to bind Fibronectin ] (see Fig. 5C ). 786-O subclones were generated that ectopically produce these various mutants. The production of the various pVHL species and their association with cellular proteins was assessed by metabolically labeling these cell lines with [ 35 S]methionine, followed by immunoprecipitation with an anti-HA antibody. As shown in Figure 5A , anti-HA immunoprecipitates contained HA-pVHL(wt) and additional proteins with molecular masses of ∼220, 90, and 16 kD (lane 2), all of which were specifically absent in anti-HA immunoprecipitates derived from cells containing the backbone plasmid alone (lane 1). It has been shown previously that the 220-, 90-, and 16-kD proteins correspond to Fibronectin ), Cul-2 Lonergan et al. 1998) , and Elongin B (Duan et al. 1995b; Kibel et al. 1995) , respectively. On this particular SDS gel, Elongin C migrated with the front. The pattern of Glut-1 inhibition by these pVHL mutants was similar to work published previously (data not shown), as was the pattern of the proteins that coimmunoprecipitated with either pVHL(wt) or the various mutants analyzed here (lanes 3-6) (Duan et al. 1995b; Kibel et al. 1995; Pause et al. 1997; Lonergan et al. 1998; Ohh et al. 1998) , suggesting that the pVHL species under investigation behave as expected with respect to their ability to interact with known cellular proteins.
When anti-HA immunoprecipitates from these vari- ,3) or containing backbone expression plasmid (lane 1) were lysed and immunoprecipitated with anti-HA antibody and immunoprecipitates were processed for ubiquitination assay reactions and Western blot analysis with anti-ubiquitin antibody (Ubi-1) (top) or anti-Cul-2 antibody (middle). Aliquots of whole cell extracts of the aforementioned cell lines were processed for Western blotting with anti-HA antibody (bottom).
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Cold Spring Harbor Laboratory Press on October 26, 2017 -Published by genesdev.cshlp.org Downloaded from ous cell lines were tested for ubiquitination activity, only the HA-pVHL-producing 786-O cells displayed strong ubiquitination activity (Fig. 5B, lane 2) . The two tumor-derived species of pVHL, namely HA-pVHL(1-157) (lane 3) and HA-pVHL (R167W) (lane 4), failed to display ubiquitination-promoting activity. HA-pVHL(1-197), although able to interact with Elongin BC/Cul-2, displayed significantly reduced ubiquitination activity (lane 5), suggesting that HA-pVHL(1-197) is largely (albeit not wholly) defective in ubiquitination activity. Likewise, HA-pVHL(94-213) failed to exhibit ubiquitination activity (lane 6), although it contains an intact BC box and interacts with Elongin BC and Cul-2. Independent clones of each pVHL species were tested and behaved identically (data not shown). These results suggest that certain naturally occurring mutations affect pVHL's ability to associate with ubiquitination activity. Moreover, the manifestation of pVHL-associated ubiquitination activity not only requires pVHL-Elongin BC-Cul-2 complex formation, but is also influenced by the integrity of distinct elements in pVHL's primary structure, particularly those in the carboxyl and amino termini.
Discussion
The data presented here provide biochemical evidence that pVHL tumor suppressor participates in the process of ubiquitination. Specifically, we found that recombinant pVHL associates with ubiquitination-promoting activity in human cell extracts. The ability of pVHL to recruit ubiquitination activity was specifically blocked with a BC-box peptide that inhibited binding of pVHL to Elongin C and Cul-2, whereas a point-mutant derivative, corresponding to a naturally occurring VHL missense mutation, had no effect. Moreover, antibodies specific for pVHL immunopurified ubiquitination activity from VHL +/+ but not from VHL −/− human cells. Finally, examination of various mutants of pVHL stably expressed in RCC cells revealed that certain naturally occurring mutants of pVHL demonstrate loss of ubiquitination activity in conjunction with the universally required components E1, E2, and ubiquitin. This argues that the capacity of pVHL to recruit ubiquitination-promoting activity may be important for its role as a tumor suppressor. Taken together, these biochemical data imply that the pVHL tumor suppressor may function, at least in part, as a component of an E3 ubiquitin-protein ligase complex. In further support of this, we showed Elongin C-Cul-2 binding to pVHL to be necessary, although not sufficient, to recruit ubiquitination activity. Examination of pVHL sequences surrounding and including the BC-box motif (i.e., the domain involved in Elongin BC-Cul-2 binding) revealed certain hallmarks of an F-box motif. We therefore hypothesize that pVHL may be a distant member of the F-box protein family and that pVHL-Elongin C-Elongin B-Cul-2 complexes may exemplify a subclass of the SCF superfamily of E3 ligases, in which pVHL acts as the substrate-specific receptor.
The F-box motif was identified originally as a ∼40-amino-acid-long degenerate sequence common to a collection of otherwise structurally unrelated proteins that all shared the property to interact with Skp1 (Bai et al. 1996) . As demonstrated previously, pVHL interacts with the Skp1-related protein Elongin C (Duan et al. 1995b; Kibel et al. 1995; Takagi et al. 1997) , and so far several of our attempts to demonstrate the existence of a pVHL/ Skp1 complex in vivo have failed (data not shown). One possibility is that the presence of the BC-box motif embedded within an F-box homology region favors the binding of Elongin C over Skp1 to the F-box motif. In this regard, it is interesting to note that Elongin A, which contains an F-box motif (Bai et al. 1996) , also carries a BC-box motif ) and binds Elongin BC . The BC-box motif is present in a collection of other proteins that do not contain an obvious F-box motif, among them SOCS-1, in which the BC-box is embedded in the SOCS-box . While this paper was under review, Pavletich and colleagues reported on the resolution of the crystal structure of the pVHL-Elongin C-Elongin B complex (Stebbins et al. 1999) and proposed that the pVHL domain comprising the BC box, referred to as the pVHL ␣ domain, the SOCS box, and the F box are structurally related. Because pVHL displays associated ubiquitination activity that is dependent on its ability to interact with Elongin C and Cul-2, one hypothesis that remains to be tested is whether the presence of a BC-box motif imparts certain functional properties on proteins that relate to the process of ubiquitination.
We found that pVHL associates with a potent ubiquitination activity in human cells. Bacterially produced pVHL lacked this activity. pVHL-associated ubiquitination activity became only apparent following incubation of pVHL in human cell extracts. There are at least two possibilities that can explain this observation: Either pVHL associates with certain E3 ubiquitin-protein ligases as part of its tumor-suppressing function or pVHL itself is a core component of an E3 activity and the HeLa cell lysate provides the necessary additional cofactors/ substrates for pVHL-associated ubiquitination activity to manifest. In favor of the latter possibility is the observation that one set of proteins that appear to play an important contributory role in the above-noted ubiquitination assay are the BC-box-binding proteins Elongin C and Cul-2, relatives of the SCF family of E3 ligases. This is evidenced by the fact that peptides blocking the association of these proteins with pVHL also blocked the recruitment of pVHL-associated ubiquitination activity. In addition, a mutant of pVHL that lacked the Elongin BC-binding domain and thus, failed to associate with Cul-2, likewise, was defective in recruiting ubiquitination-promoting activity. Hence, one might argue that the pVHL-Elongin C-Elongin B-Cul-2 assemblage is a close relative of, but is distinct from, the archetype SCF E3 ligase complexes. In keeping with this notion, the pVHL complex and SCF ligases share yet another common component, the Rbx1/Roc1 ring-finger protein Ohta et al. 1999; Skowyra et al. 1999; Tan et al. 1999) . At least in the case of the SCF family, Rbx1/ Roc1 bound Cdc53/Cul-1 and promoted binding of the E2 enzyme Cdc34 to the SCF-Rbx1/Roc1 holoenzyme Ohta et al. 1999; Skowyra et al. 1999; Tan et al. 1999) . In this setting, Rbx1/Roc1 stimulated substrate-dependent ubiquitination by the Cdc34-SCF complex. In the absence of a relevant substrate, however, recombinant Rbx1/Roc1 stimulated autoubiquitination of Cdc34 in vitro when SCF components were present. Recent experiments suggest, however, that neither Cdc34 nor pVHL are the major ubiquitinated proteins in our assay (data not shown). Consistent with the view that other proteins are being ubiquitinated under our conditions is the fact that pVHL(94-213), a mutant that lacks the amino-terminal 94-amino acid residues, measurably interacts with Elongin B, Elongin C, and Cul-2 ) but lacks associated ubiquitination activity. In this regard, analysis of the crystal structure of pVHL revealed that the ∼100-residue aminoterminal domain is rich in ␤-sheets and represents a macromolecular-binding site within pVHL frequently mutated in tumors (Stebbins et al. 1999 ). Hence, it is possible that one or more proteins/substrates ubiquitinated in our assay are recruited, at least in part, via pVHL's amino-terminal residues.
Previous results linked the formation of pVHL-Elongin BC-Cul-2 complexes to a biological activity of pVHL, namely, the ability of pVHL to regulate hypoxia-inducible mRNAs (Maher and Kaelin 1997; Kaelin and Maher 1998) . Naturally occurring mutants of pVHL, such as pVHL(1-157) or pVHL(R167W), lack this biological activity. Studies here show that these mutants, likewise, fail to display ubiquitination-promoting activity. It should be noted, however, that there is a large cohort of pVHL mutants that map outside of the Elongin BC-binding domain of pVHL and give rise to proteins capable of interacting with the Elongin BC-Cul-2 complex. In this regard, the amino-terminal truncation mutant of pVHL, pVHL(94-213), measurably interacts with Elongin BC and Cul-2 complexes ) but lacks associated ubiquitination activity. Similarly, lacks the most carboxy-terminal 16-amino-acid residues, is capable of suppressing the production of hypoxia-inducible mRNA production under normoxic conditions and interacting with Elongin BC-Cul-2 complexes ), but displays significantly reduced ubiquitination-promoting activity (this report). Interestingly, this pVHL mutant fails to bind to fibronectin. Taken at face value, it appears that pVHL's capacity to inhibit the production of hypoxia-inducible mRNAs under normoxic conditions cannot be directly correlated with its ability to display associated ubiquitination-promoting activity. However, the sensitivities of the biochemical assay described here and the functional assays used in the past may differ siginficantly. On the other hand, one should take into account that the approach taken for the analysis of pVHL(1-197) with respect to inhibition of Glut-1 expression used overexpression strategies. Finally, the amino-terminal truncation mutant of pVHL, pVHL(94-213), measurably interacts with Elongin BC-Cul-2 complexes but is defective in both suppression of Glut-1 expression and fibronectin binding and as shown here, lacks associated ubiquitination activity. Given these results, one might argue that not only sequences including the BC-box motif, but also those extending to the amino and carboxyl termini of pVHL, are required for pVHL to display associated ubiquitination-promoting activity. Whether these sequences are required for structural integrity of the VHL protein, or for binding of substrates, remains to be shown. More significantly, this biochemical activity may be of critical importance for its tumor-suppressing function and any clinical phenotype associated with a given pVHL mutant may then be correlated, at least in part, to the degree by which this biochemical activity is quantitatively or qualitatively altered.
What are the potential substrates for pVHL-linked ubiquitination in human cells? The ability of pVHL to bind to Elongin BC-Cul-2 has been linked to its ability to suppress the production of hypoxia-inducible mRNA under normoxic conditions. Hence, among the substrates there might be ones that contribute to the regulation of mRNA stability. The RNA-binding protein HuR has been reported to stabilize VEGF mRNA markedly at least in vitro (Levy et al. 1998 ). In addition, three proteins with molecular masses of 32, 28, and 17 kD have been identified as part of an hypoxia-inducible RNAprotein complex that is constitutively elevated in tumor cell lines lacking wild-type pVHL . Finally, Kaelin and collaborators linked pVHL to the control of fibronection matrix assembly . Their experiments showed that pVHL interacts with Fibronectin, possibly in the endoplasmatic reticulum (ER), and that every pVHL mutant tested in their study (also including those studied here) were shown to fail to interact with fibronection. Whether pVHL interacts directly with fibronectin or whether other proteins mediate this interaction remains to be determined. A hypothesis put forward at the time was that pVHL may be involved in the processing of misfolded ER-resident proteins. Of note, several lines of evidence would suggest ER-mediated degradation involves the ubiquitin/proteasome pathway (Brodsky and McCracken 1997) and recent evidence points to a role of at least one SCF E3 ligase in this process (Margottin et al. 1998) . A role for pVHL in the elimination of misprocessed proteins, such as those arising in the cell due to the unavailability of glucose or in response to certain stresses, has also been proposed recently by Gorospe et al. (1999) . In light of the results reported here, it is tempting to envision a model in which one function of pVHL is to direct the ubiquitination of ER-resident substrates. The ubiquitination assay presented here may therefore prove useful in the future as a means to identify specific target proteins of this potential SCF-like E3 ubiquitin-protein ligase complex and to determine the degree to which pVHL tumor suppression relies on this activity.
Materials and methods
Plasmid constructions
The plasmids pRcCMV-HA-pVHL(wt), pRcCMV-HA-pVHL (R167W), pGEX2TK-pVHL(wt) Kibel et al. 1995) , and pGST4T1-p45
Skp2 (Lisztwan et al. 1998 ) have been described. To generate pRcCMV-HA-pVHL(1-157), pRc-CMV-HA-pVHL(wt) was digested with BstI107-XbaI, and the resulting vector fragment combined with the oligonucleotide dimer: 5Ј-TACTTGAATTCTGCAGATATCCATCACACTGG-CGGCCGCTCGAGCATGCAT-3Ј and 5Ј-CTAGATGCATGC-TCGAGCGGCCGCCAGTGTGATGGATATCTGCAGAAT-TCAAGTA-3Ј. To generate pcDNA3-HA-pVHL(wt), pRcCMV-HA-pVHL(wt) was digested with HindIII-EcoRI and the resulting fragment subcloned into pcDNA3-HA-E2F1 vector fragment, derived from a HindIII-EcoRI digest. To generate pcDNA3-pVHL(wt) (untagged pVHL), pcDNA3-HA-pVHL(wt) was digested with BamHI-EcoRI and the resulting fragment subcloned into pcDNA3 vector fragment, derived from a Bam-HI-EcoRI digest. To generate pcDNA3-HA-pVHL(1-197) and pcDNA3-HA-pVHL(94-213), a one-step PCR method was used. The PCR products were digested with BamHI-XbaI, and subcloned into a vector fragment isolated from a BamHI-XbaI digest of pcDNA3-HA-pVHL. The following primers were used: pcDNA3-HA-pVHL(1-197), 5Ј-TCCCTCGGATCCGCCACC-ATGCCCCGGAGGGCGGAG-3Ј and 5Ј-CGCCAGTCTAGA-GGATATCTGCAGAATTCAGTCTTTCTGCACATTTGG-3Ј; pcDNA3-HA-pVHL(94-213), 5Ј-TCCCTCGGATCCGCCAC-CATGGAGCCGCAGCCCTACCCAACGCTGCCGCCTGGC-3Ј and 5Ј-CGCCAGTCTAGAGGATATCTGCAGAATTCAATC-TCC-3Ј. A two-step PCR method was used to generate pcDNA3-HA-pVHL(⌬153-198). The following primers were used: 5Ј-CAATATCACAGAGCGGCTGACACA-3Ј and 5Ј-TGTCAGCCGCTCTGTGATATTGGC-3Ј to generate a deletion of amino acid residues 153-198 of pVHL. pcDNA3-HApVHL(wt) served as a template. All PCR-derived regions in the newly generated mutants were confirmed by sequence analysis.
Antibodies
Polyclonal rabbit serum for full-length human pVHL was raised against a GST-pVHL fusion protein purified from bacteria essentially as described previously (Lisztwan et al. 1998) . Affinity purification of polyclonal rabbit serum to pVHL was achieved by incubation with first a GST affinity column, followed by a GST-pVHL column, prepared previously by covalently crosslinking the respective proteins to glutathione-Sepharose with demethylpimelimidate (Harlow and Lane 1988) . Anti-Cul-2 peptide antibodies were raised against a synthetic peptide VLID-KQYIERSQASADEYSY, corresponding to the carboxy-terminal region of human Cul-2. The peptide was coupled to keyhole limpet hemocyanin by glutaraldehyde coupling and injected into rabbits. Anti-peptide antibodies were affinity purified as described (Lisztwan et al. 1998) . Polyclonal rabbit serum for full-length Elongin C was raised against Elongin C protein purified from bacteria essentially as described previously (Krek et al. 1992) . The mouse mAb 12CA5 and HA11 recognizing the HA epitope were purchased from Boehringer Mannheim and BAbCo, respectively. Anti-Ubi-1 antibody was purchased either from Zymed or from BAbCo. Anti-GST antibodies were obtained from Sigma.
Cell culture and transfection
Human 293 embryonic kidney cells, U2-OS, MCF-7, HeLa, 786-O, and A498 cells were maintained in DMEM supplemented with 10% fetal calf serum (FCS) (GIBCO-BRL). 786-O cells stably transfected with pRcCMV vector, pRcCMV-HA-pVHL(wt), pRcCMV-HA-pVHL(1-157), pRcCMV-HA-pVHL(R167W), pcDNA3-HA-pVHL(1-197), pcDNA3-HA-pVHL(94-213), and pcDNA3-HA-pVHL(⌬153-198) were generated exactly as described and maintained in DMEM supplemented with 10% FCS and 0.5 mg/ml G418. A498 cells stably expressing pRcCMV vector or pRcCMV-HA-pVHL(wt) were generated in an identical fashion.
Metabolic labeling, Western blotting, and immunoprecipitation
Radioisotopic labeling was performed by methionine starvation for 30 min followed by growth in 3 ml of methionine-free DMEM supplemented with [ 35 S]methionine [250 µCi] and 10% dialyzed FCS for 4 hr at 37°C in a humidified 10% CO 2 atmosphere. Immunoblotting was performed as described (Lisztwan et al. 1998 ). Blots were processed by enhanced chemiluminescence (Amersham) according to the manufacturer's instructions. Immunoprecipitations were performed essentially as described previously (Lisztwan et al. 1998) .
Ubiquitination assay
The E1-activating enzyme used in ubiquitination assays was either from Affinity, Inc. (Exeter, UK) or purified from Sf9 insect cells infected with a baculovirus-expressing His 6 -tagged E1 from Arapidopsis thaliana. For purification of His 6 -E1 from infected Sf9 cells, cells were lysed in ubiquitination assay lysis (UAL) buffer [20 mM HEPES (pH 7.4), 100 mM NaCl, 0.1% Triton X-100, 5 mM MgCl 2 , 5 mM EDTA, 0.2 mM DTT, 1 mM PMSF, 10 µg/ml aprotinin], incubated with Ni-NTA-beads (Qiagen), washed twice with UAL buffer, once with wash buffer (50 mM NaH 2 PO 4 , 100 mM NaCl, 10 mM imidazole, 0.2 mM DTT), and eluted with 600 µl of elution buffer [100 mM imidazole, 20 mM Tris (pH 8.0), 100 mM NaCl, 0.2 mM DTT]. The purified protein was dialyzed overnight at 4°C against dialysis buffer [20 mM HEPES (pH 7.4), 100 mM KAOc, 0.2 mM DTT] and concentrated by centricon columns (Amicon). Glycerol was added to a final concentration of 10%. Aliquots were stored at −70°C. Human E2 enzyme Cdc34 was expressed in Escherichia coli and purified as described (Banerjee et al. 1993) . Both enzymes were tested for thioester formation capacity prior to use.
For one ubiquitination reaction, GST, GST-pVHL, or GSTp45
Skp2 fusion protein was affinity purified from bacterial cultures (or insect cell cultures in the case of GST-p45
Skp2
) with 30 µl of a 50% slurry of glutathione-Sepharose beads per reaction and washed four times in UAL buffer. Alternatively, anti-HA or anti-pVHL immunoprecipitates from stably transfected RCC cell lysates, 293 or U2-OS cell lysates, respectively, were performed as described previously (Lisztwan et al. 1998 ) and washed four times in UAL buffer. Where indicated, glutathioneSepharose beads loaded with the relevant fusion proteins were incubated overnight at 4°C in 1 ml of HeLa cell lysate (1 mg/ml total protein in UAL buffer) prior to performing an ubiquitination assay. For BC-box peptide competition experiments, HeLa cell extracts were preincubated for 30 min on ice with either 1 µM wild-type BC-box peptide (TLKERCLQVVRSLVKP), mutant BC-box peptide (TLKERFLQVVRSLVKP), or carboxy-terminal pVHL peptide (LERLTQERIAHQRMGD) prior to addition of glutathione-Sepharose beads preloaded with the indicated GST proteins.
Ubiquitination reactions were carried out in a total volume of 25 µl containing 15 µl of either glutathione-Sepharose beads loaded with indicated GST fusion proteins or protein A-Sepharose-beads-collected immune complexes and 10 µl of assay buffer containing 1 µl of 10× reaction buffer [40 mM MgAOc, 5 mM DTT, and 1 mM PMSF], 1 µl of 10× ATP-regenerating system [20 mM HEPES (pH 7.4), 10 mM ATP, 10 mM MgAOc, 300 mM creatine-phosphate, 0.5 mg/ml creatine-phosphokinase], 1 µl of 1× HEPES/KAOc buffer [20 mM HEPES (pH 7.4), 100 mM KAOc, 0.5 mM DTT], 5 pmoles of ubiquitinaldehyde (Affiniti, Inc.) [in 50 mM HEPES (pH 6.9)], 6 µg of ubiquitin (Sigma) [in 1× HEPES/KAOc buffer without DTT], 1 µg of purified human Cdc34 [in 20 mM HEPES (pH 7.4), 100 mM K acetate, 1 mM DTT, and 10% glycerol], and 0.2 µg of purified E1 protein. The reaction mixture was incubated at 30°C for 1.5 hr. Fifteen microliters of sample buffer was added to stop the reaction. Samples were boiled for 10 min, analyzed by SDS-PAGE, and processed for Western blotting with the indicated antibody.
